Monitoring the microbiological quality of water used for recreational activities is very important to human public health. Although the sanitary quality of recreational marine waters could be evaluated by standard methods, they are time-consuming and need confirmation. For these reasons, faster and more sensitive methods, such as the defined substrate-based technology, have been developed. In the present work, we have compared the standard method of membrane filtration using Tergitol-TTC agar for total coliforms and Escherichia coli, and Slanetz and Bartley agar for enterococci, and the IDEXX defined substrate technology for these faecal pollution indicators to determine the microbiological quality of natural recreational waters. 
INTRODUCTION
Water is one of the most important sources of infectious microorganism transmission to humans, via ingestion, contact with contaminated water, aerosol or by consumption of contaminated shellfish (Amaral et al. 2003; WHO 2003; Hurst 2007) . Under certain conditions, water may be adversely affected by faecal pollution from a variety of sources, including wastewater and raw sewage, private septic disposal systems, and storm water runoff (Casteel et al. 2006) . The contamination of natural waters with untreated faecal material may result in an increased risk of transmission of human diseases (Sinton et al. 1993; Borrego & Figueras 1997) . Therefore, it is necessary to adopt control measures based on the determination of microbiological water quality, especially regarding the detection and quantification of pathogenic microorganisms (Budnick et al. 1996; Figueras et al. 2000; Moe 2007 ). Many microbial pathogens are difficult to detect and/or quantify in water samples, and methods to detect most of them from environmental samples have not been developed yet (Koster et al. 2003) . For these reasons, regulatory agencies and public health authorities have typically relied on the use of microbial indicators of faecal pollution to assess doi: 10.2166/wh.2009.220 microbiological water quality and safety (NRC 2004; Savichtcheva & Okabe 2006) .
Classically, total coliforms, Escherichia coli and enterococci have been used as indicators of faecal pollution, and as indexes of water quality deterioration (Toranzos et al. 2001 ). In addition, several studies have demonstrated that these microbial indicators provide a measure of health risk associated with ingestion of or contact with contaminated water (Moe et al. 1991; MacKenzie et al. 1994; Mariñ o et al. 1995a,b; Borrego & Mariñ o 1998; Kinzelman et al. 2003; WHO 2003) . Consequently, a complete analysis can require an additional 24-72 h to obtain a final result, which constitutes the major limitation of these methods (Geissler et al. 2000; Toranzos et al. 2007 ). In addition, although these methods show a good recovery for coliforms and enterococci from natural and treated waters, the false-positive and false-negative percentages found in recreational waters may be higher than 10% (Budnick et al. 1996; Yakub et al. 2002) . To overcome these shortcomings, two semi-automated most probable number methods, Colilert w and Enterolert w , have been developed for the enumeration of coliforms and enterococci, respectively. These methods require less quality control testing than the MF procedure (Budnick et al. 1996) .
Two nutrient-indicators, ortho-nitrophenyl galactopyranoside (ONPG) and 4-methyl-umbelliferyl-glucuronide (MUG) are the major sources of carbon in Colilert w .
These substrates can be metabolized by the coliform enzyme b-galactosidase and the E. coli enzyme b-glucur- (Budnick et al. 1996) .
Several studies have been carried out to compare the standard methods and the defined substrate technology for the enumeration of indicator microorganisms in natural waters, such as total coliforms, E. coli and enterococci (Buckalew et al. 2006; Griffith et al. 2006; Horman & Hanninen 2006) . However, the equivalence between both methodologies has not been deeply studied yet. 
METHODS

Sampling and physicochemical parameters
Natural recreational water samples were collected using sterile plastic bottles from the subsurface layer (30 cm), and transported to the laboratory in cold boxes at approximately 48C. Samples were processed within 6 h after collection.
To determine the pH and salinity values, a Crison GLP22 pHmeter, and a Crison GLP32 conductimeter, respectively, were used.
Microbiological parameters
For the enumeration of total coliforms and E. coli, a total of 39 samples were analysed in parallel by the standard method membrane filtration described in the NF EN Figueras et al. (1996) previously preheated at 448C. Membrane filters were incubated at 44^18C for 2 h, and all the colonies with brown or black colour were considered as enterococci.
Statistical analyses
Equivalence of the methods was analysed as described in the The equivalence between techniques is based on a confidence interval determined for the expanded uncertainty around the relative mean difference. The relative difference x L , 2D and x H . 0 or if x L , 0 and x H . þD. In this case, the analysis of a higher number of samples is recommended, and the estimation of that number is given by:
where n is the number of samples; s is the standard deviation of the relative mean difference and y is the higher value of two: y 1 ¼ X and y 2 ¼ jXj 2 jDj, both X and D are in percentage units.
Non-parametric statistical methods were used to test for correlations and statistical differences between methods.
Non-parametric tests were used because faecal indicator bacteria data were not normally distributed. Spearman's rank correlation was used to determine whether results between methods were significantly different. The relationships between environmental variables and estimated microbial concentrations were determined applying the Pearson correlation analysis. In all tests, a P-value of 0.01 was employed and all analyses were conducted using STATISTICA version 6.
RESULTS
The values for pH and salinity are shown in The results of the enumeration of total coliforms, E. coli and enterococci are shown in Table 2 . Total coliforms were present in a concentration ranging from zero to 6.0 £ 10 7 CFU/100 ml, whereas the concentration of E. coli was between zero and 3.6 £ 10 7 CFU/100 ml using the standard method of membrane filtration. The Colilert w test
showed a variation between zero and 2.4 £ 10 6 MPN/ 100 ml for both total coliforms and E. coli. This interval was between zero and 1.1 £ 10 4 CFU/100 ml for enterococci by the standard method, and between zero and 6.7 £ 10 3 MPN/100 ml by the Enterolert w procedure. between pH and salinity and between salinity and MF for samples used in the total coliform analysis (Table 5 ).
In the case of E. coli analyses, only a significant correlation between pH and salinity was obtained (Table 5 ). In contrast, significant correlations were found between pH and salinity, pH and MF technique, pH and Enterolert w and between salinity and MF technique for the samples used for the enterococci determination (Table 5) .
DISCUSSION
The European Water Directive defines reference methods for the enumeration of microbiological parameters in water.
One of the standard methods for coliforms and E. coli is the membrane filtration technique on Tergitol-TTC agar con- The IDEXX principle is based on enzymatic activities, which depend on the physiological state of the bacteria.
Changes in irradiation, salinity, temperature, pH and nutrient concentration of the environment may cause stress on bacteria and, consequently, may hamper the bacterial recovery on culture media (Fiksdal et al. 1994) . Under these adverse conditions, bacteria adopt a survival state known as viable but non-culturable (VBNC). Although in this state it is not possible to culture bacteria on conventional growth media, cells preserve their metabolic activities, such as respiration, membrane integrity and gene transcription, and pathogenic bacteria keep their virulence factors (Toranzos et al. 2007 ). In addition, VBNC bacteria can recover the division ability when favourable environmental conditions are restored (Lleò et al. 2001) .
In the present study, Pearson's correlation coefficient between physicochemical parameters and bacterial enumeration methods showed a significant correlation as the increase between pH 7.2 and 7.8 (Wutor et al. 2007 ).
Significant correlations between the physicochemical parameters tested and the E. coli numbers were not obtained in the present study (Table 5) . George et al. A negative and significant correlation between salinity and the enumeration of enterococci by the standard method (20.406 at a significance level of P ¼ 0.01) was also found, which can be explained by the discharge of contaminated freshwaters that possess lower salinity.
In 82.5% of the samples analysed for total coliform enumeration by the Colilert w test, the results showed higher values than those yielded using the standard method. (Table 4) . Similar results were obtained by other authors studying natural and drinking waters (Fricker et al. 1997; Eckner 1998; Schets et al. 2002; Ribas et al. 2005) , or wastewater samples ( as false-positive coliforms (Davies et al. 1995; Landre et al. 1998 ). In addition, b-galactosidase has been found to be present in non-coliform strains, which makes the level of enzymatic activity a result of the proportion of target and non-target bacteria in rapid enzymatic assays without a cultivation step (Tryland & Fiksdal 1998 (Fricker et al. 1997; Eckner 1998; Yakub et al. 2002; Buckalew et al. 2006) . However, since the Colilert w system requires short incubation periods and is easy to apply, it can be useful for enumerating coliforms from natural waters and wastewaters (Grasso et al. 2000; Kramer & Liu 2002; Eccles et al. 2004) . Studies carried out with tropical marine and freshwater samples resulted in a disparity between the numbers estimated by Colilert w and membrane filtration (Chao et al. 2003) . In these studies, the concentration of microorganisms estimated by the enzymatic technique was 1 -2 orders of magnitude higher than that detected by the membrane filtration technique (Pisciotta et al. 2002; Chao et al. 2003) . Chao (2006) found a high rate of false-positive for coliforms and E. coli after culture using Colilert w .
A possible explanation of those findings could be the presence of aquatic strains belonging to Vibrio and Aeromonas species, which are lactose-fermenting and, therefore, may interfere in b-galactosidase-based assays producing significant false-positive reactions (Davies et al. 1995; Landre et al. 1998; Yakub et al. 2002) .
In 82.6% of the samples analysed for the enumeration of enterococci, the standard method of membrane filtration showed higher enumerations when compared with the Enterolert w test. These methods gave results that were not 
CONCLUSIONS
The results obtained in this study confirm that defined substrate-based procedures provide higher numbers of total coliforms and E. coli than those obtained by the standard method of membrane filtration, although they are less sensitive for the enumeration of enterococci in recreational water samples tested.
Owing to the fact that enterococci have been proved to be the most reliable predictors of health risk in recreational waters (Kay et al. 1994 (Kay et al. , 2004 Mariñ o et al. 1995a; Borrego & Mariñ o 1998) , it is necessary to carry out more studies to improve the detection and enumeration of enterococci in natural waters using the defined substrate-based procedure.
The defined substrate-based methods tested might be included in monitoring programmes for microbial quality of recreational waters on the basis of their higher efficiency and suitability compared with standard methods and because they are easier to apply.
